Abstract Cognitive and functional neural correlates of human immunodeficiency virus (HIV) are only partially understood at present. Variability in neural response, which has been noted in the literature, may relate to clinical factors associated with HIV, including time since HIV diagnosis, CD4 count and nadir, HIV viral load, and comorbid infectious processes, especially hepatitis C. The present investigation evaluated working memory-related functional neural activation in 26 HIV+ participants, 28 demographically matched HIV-seronegative individuals, and 8 HIV+ individuals with hepatitis C coinfection. Analyses examined impact of HIV infection duration, CD4 count and nadir, HIV viral load, and hepatitis C serostatus. Results showed that HIV-seronegative participants had fastest reaction times, and during the working memory task, HIV+ participants with hepatitis C coinfection showed strongest bias toward commission errors; however, signal detection (i.e., overall task performance) was equivalent across groups. Functional magnetic resonance imaging (fMRI) results showed HIV-related greater activation to an easier vigilance task and HIV-related lower activation to a more difficult working memory task, consistent with reduced cognitive reserve. Hepatitis C coinfection related to diffuse neural dysregulation. Correlational analyses suggested relationships of increasingly severe disease with poorer functioning in brain regions linked to error monitoring and attention regulation.
Introduction
Despite the advent of combination antiretroviral therapy (cART), many HIV-seropositive (HIV+) people exhibit neurocognitive deficits (Heaton et al. 2010) . Further, in vivo neuroimaging has shown evidence of structural and functional brain abnormalities in cART-treated, medically stable cohorts (Chang et al. 2001 (Chang et al. , 2004 Ernst et al. 2009; Gongvatana et al. 2009; Ances et al. 2012) . Functional underpinnings of HIV's deleterious effects on attention and working memory (Cohen et al. 2010b; Joska et al. 2010; Liner et al. 2010; Wendelken and Valcour 2012) remain of particular interest, as these basic cognitive skills play a role in higher level cognition such as memory and executive function. In addition, success of attention and working memory depends on healthy function of brain regions and white matter tracts directly or indirectly impacted by HIV infection (for recent reviews, see Burdo et al. 2010; Valcour et al. 2010) .
In particular, structural or functional neural dysregulation in subcortical, frontal, and parietal regions may contribute to HIV+ individuals' attention and working memory deficits (e.g., Clark and Cohen 2010) . Research has shown HIVrelated structural and metabolic abnormalities in subcortical regions including the basal ganglia (Ances et al. 2012; Becker et al. 2011; Cohen et al. 2010a; Muller-Oehring et al. 2010) , and frontal and parietal cortex (Cohen et al. 2010a; Towgood et al. 2012; Gongvatana et al. 2013 ). Brain-wide gray and white matter changes have also been revealed (Thompson et al. 2005; Becker et al. 2012; Ragin et al. 2012) .
Existing fMRI studies complement these volumetric and metabolic studies by suggesting inefficient neural processing in subcortical, frontal, and parietal networks in HIV+ individuals. For example, on tasks of visual attention, HIV+ participants show reduced activation in visual attention networks (i.e., prefrontal, dorsal parietal, and cerebellar regions) but increased compensatory activation elsewhere in the brain (Chang et al. 2004; Ernst et al. 2009 ). For progressively more complex visual attention tasks (i.e., tracking four rather than one moving targets), HIV+ individuals showed increased attention network response to the same task over a 1-year interval, despite equivalent performance, whereas seronegative participants show less activation over the same interval. Working memory tasks have shown increased parietal activation for simple conditions in HIV+ individuals (i.e., 1-back tasks) (Chang et al. 2001 ) and increased frontal activity, especially for more complex conditions (i.e., 2-back tasks) (Ernst et al. 2002) . In addition, although HIV+ individuals show greater magnitude neural activation for more complex relative to simpler tasks in prefrontal and parietal cortices, this relative increase is significantly smaller than that seen in HIVseronegative participants (Tomasi et al. 2006) . This finding, which has been referred to as reduced dynamic range of activation, may suggest reduced cognitive reserve due to inefficient processing in HIV+ individuals, similar to what has been suggested in individuals with other CNS-impacting disorders such as multiple sclerosis (Chang et al. 2001; Penner et al. 2003; Sweet et al. 2006) .
Importantly, fMRI investigations have also indicated that HIV+ participants have less stability in the blood oxygen level dependent (BOLD) response to cognitive challenge-or in other words, more variable neural activation during cognitive tasks (Ances et al. 2011 ). This reduced stability has been shown to relate to HIV disease severity markers, such as presence of HIV-associated neurocognitive disorders (i.e., HAND) (Chang et al. 2013) , effectiveness of individual treatment (Ances et al. 2008) , and presence of cART (Chang et al. 2008) . Variability may also explain some discordance in fMRI investigation results within HIV+ individuals. These findings, along with known relationships of more severe HIV disease with more advanced cognitive impairment or structural brain changes (Cohen et al. 2010b; Sun et al. 2010; Ellis et al. 2011; Devlin et al. 2012; Crum-Cianflone et al. 2013 ) underscore the importance of examining the contribution of clinical factors to alteration in functional MRI responses.
HCV coinfection is another clinical factor that may impact neural function in HIV+ individuals. Up to 25 % of HIV+ individuals are coinfected with hepatitis C (HCV) (Kim et al. 2013) , and studies within our research group and others suggest deleterious impact of comorbid HCV on cognition (Devlin et al. 2012; Rempel et al. 2013; Sun et al. 2013 ) and cytokine predictors of cognition (Cohen et al. 2011 ). Evidence has accumulated for impact of HCV coinfection on brain structure (Jernigan et al. 2011; Pfefferbaum et al. 2012 ) and brain metabolism (Forton et al. 2001; Taylor et al. 2004; Winston et al. 2010; Garvey et al. 2012) . However, functional neural consequences of HIV/HCV coinfection during active tasks have not been explored.
Previous research has provided evidence for the impact of HIV on attention and working memory, with functional MRI tasks suggesting reduced activation due to low cognitive reserve in task-related regions and reliance on compensatory activation in additional neural regions. However, studies to date leave open questions regarding impact of HIV-related clinical factors, including time since HIV diagnosis, CD4 count and nadir, and viral load. Moreover, no active task fMRI studies have directly addressed the impact of HCV coinfection. Thus, the present study aimed to characterize the impact of HIV infection and HIV disease makers (i.e., hepatitis C coinfection, CD4 count and nadir and plasma viral load) on neural response to a working memory paradigm. We hypothesized that HIV+ individuals would show increased prefrontal cortical activation for a 2-back working memory task, as well as a reduced neural response to the working memory task, after accounting for response during the control task (i.e., reduced dynamic range), particularly in regions shown to have reduced dynamic range in previous investigations, such as prefrontal and parietal regions. We expected individuals with longer time since HIV diagnosis, detectable plasma viral load, and lower nadir and current CD4 levels to show more dysregulation of neural activation. We further hypothesized that HIV/HCV-coinfected individuals would show an exaggeration of the functional dysregulation in HIV+ individuals.
Method

Participants
Participants were 85 adults recruited from The Miriam Hospital Immunology Center as part of an NIH-sponsored study of HIV-associated brain dysfunction. Institutional review boards approved the study and informed consent was obtained from each participant before enrollment. All participants underwent a neurological examination and thorough medical history assessment. HIV infection was documented by enzyme-linked immunosorbent assay (ELISA) and confirmed by Western blot. Active HCV infection was defined as positive anti-HCV by ELISA and positive qualitative HCV RNA by polymerase chain reaction.
Exclusion criteria included head injury with loss of consciousness of greater than 10 min; neurological complications including dementia, seizure, stroke, and opportunistic brain infection; severe psychiatric illness; and substance dependence during the 6 months prior to the baseline evaluation or positive urine toxicology for cocaine, opiates, stimulants, or sedatives at the time of the baseline evaluation.
1 Further exclusions were made due to lack of functional MRI data (one participant), scanner artifact or excessive head motion (three participants), failure to perform the N-back task to criterion level (i.e., <75 % correct 0-back trials or failure to follow instructions; five participants), and combined head motion and performance issues (nine participants). After all exclusions, the total sample size included in the present analysis was 62.
Basic demographic characteristics for our sample are as follows: Twenty-six participants were female. Participants included 28 HIV seronegative individuals, 26 HIV+ individuals, and 8 HIV/HCV seropositive individuals. Average participant age was 45 years. For HIV+ and HIV/HCV seropositive participants, the average amount of time since diagnosis of HIV infection was 7.6 years. For these same individuals, average current CD4 count was 550, average CD4 nadir was 201, and average HIV viral load was 30,375. The majority of HIV+ and HIV/HCV seropositive participants were on cART treatment at the time of the fMRI scan (i.e., 79 %). When directly comparing HIV seronegative, HIV+, and HIV/HCV seropositive groups, there were no significant differences in age, gender, or race (Table 1) ; however, HIV/ HCV-coinfected participants showed a trend toward lower educational attainment than either HIV seronegative or HIV+ participants (χ 2 =4.657; p=0.097). Within HIV+ participants, those coinfected with HCV did not differ from the larger HIV+ group in terms of time since HIV diagnosis, current CD4 value, CD4 nadir, current viral load detectability, or current cART treatment (see Table 1 for additional participant demographic information).
Task
We employed a verbal N-back fMRI paradigm (Owen et al. 2005 ) during which a series of consonant letters was visually presented. Participants responded either Yes or No using a response button box following the presentation of each letter, indicating whether it is the same as or different from the letter presented N items earlier. Each letter was presented for 500 ms with a 2,500-ms interstimulus interval. Uppercase and lowercase letters were randomly presented. Zero-back and 2-back conditions were used in this experiment. Data were acquired in two separate task runs. Each run consisted of alternating blocks of three 36-s 0-back trials, three 45-s 2-back trials, and three 30-s resting block during which a stationary cross was presented; including instruction time, total task length was 12 min.
Statistical analysis
Performance on the 0-back and 2-back tasks was indexed by percentage correct target and total trials, A′ (a nonparametric measure of signal detection that takes into account both omission and commission errors) (Snodgrass and Corwin 1988) , mean reaction time (RT), and reaction time variability (Simmonds et al. 2007) (Table 2 ). Due to differing sample sizes and non-normal distribution of several variables, nonparametric Mann-Whitney or Kruskall-Wallis tests were used to compare demographic, clinical, substance use, and performance data for HIV+ and HIV-seronegative individuals, as well as HIV+ and HIV/HCV-seropositive individuals.
1 Participants who met substance dependence criteria at later time points (i.e., 12 or 24-month visits) were not excluded from participation. For time points most proximal to participant MRI scan, 44 % of individuals qualified for lifetime diagnosis of alcohol dependence (3 % proximal to MRI; no significant differences between clinical groups). Lifetime cocaine dependence was met in 42 % of participants (5 % proximal to MRI Segonne et al. 2004 ). Registration to high resolution structural and standard space images was carried out using FLIRT (Jenkinson and Smith 2001; Jenkinson et al. 2002) and further refined using FNIRT nonlinear registration .
Individual subject analysis After reconstruction, functional data for the two task runs for each subject were entered into separate first-level mixed-effects analyses in FEAT. Data were motion corrected, smoothed (FWHM=6 m), and high-pass temporal filtered (140 s). Film prewhitening was applied. Task instructions, 0-back, and 2-back trials, as well as their temporal derivatives, were included in the model. A double-gamma hemodynamic response function model was employed. Outlying data due to subject head motion were included as confound variables using fsl_motion_outliers. Contrasts of interest at the run level included activation to 0-back trials and 2-back trials relative to rest, as well as differences between these ns nonsignificant a Kruskall-Wallis tests comparing HIV-seronegative, HIV+, and HIV/HCV-seropositive groups on each performance measure conditions (i.e., 0-back>2-back; 2-back>0-back). Data passing quality control thresholds were passed on to second-level fixed-effects GLMs averaging within subject, across runs. Second-level contrasts were identical to first-level contrasts.
Group analysis Third-level group analysis employed FSL randomise (Bullmore et al. 1999; Nichols and Holmes 2002; Hayasaka and Nichols 2004 ), a permutation-based method for GLM analysis. For data display, all figures were created using MRIcron; text was overlaid on images using Adobe Photoshop.
The first aim of the group analysis was to examine group activation (i.e., HIV+, HIV-seronegative, and HIV/HCV coinfected) to each of the two task conditions (i.e., 0-back vs rest; 2-back vs rest) and for the contrast of the two task conditions (2-back>0-back). This latter contrast was calculated as a measure of dynamic range in neural activation between the more difficult and an easier task. A second and related aim was to contrast neural activation differences between each of the three groups (i.e., HIV+, HIV-seronegative, and HIV/ HCV coinfected) on all task conditions (i.e., 0-back vs rest; 2-back vs rest; 2-back>0-back).
Based on these aims, three GLMs were run, modeling 0-back versus rest, 2-back versus rest, and 2-back>0-back, respectively. Within each GLM, contrasts of interest were main effects for each clinical group (positive and negative activations for HIV+, HIV-seronegative, and HIV/HCV coinfected), and direct comparisons among the diagnostic groups. Probability of gray matter was entered into the matrix as a voxelwise covariate to control for potentially confounding anatomical variation (see Oakes et al. 2007 ). Familywise error rates of p<0.01 or lower were employed (see tables for exact values).
Examination of additional clinical factors Additional aims of the study were to examine the potential relationship of clinical disease factors with neural activation in HIV+ and HIV/HCVcoinfected participants. For this analysis, time since HIV diagnosis, CD4 and CD4 nadir were demeaned, and individual subject scores were entered into separate group-level GLMs in FSL FEAT. Again, separate GLMs were run for 0-back versus rest, 2-back versus rest, and 2-back>0-back. Contrasts of interest included main effects for group (i.e., HIV+ and HCV coinfected) and main effects for clinical factors. In each GLM, outlier detection was used to eliminate effects of extreme data points and gray matter probability was included as a voxelwise confound covariate. Analyses were corrected for multiple comparisons using voxelwise thresholds of a minimum z >2.464, and cluster probability thresholds based on Gaussian random field theory of p<0.05. Given the relatively smaller sample size for these analyses (N=34), as well as the relatively small literature examining continuous HIV clinical factors with working memory response, thresholds were then relaxed to examine covariate trends for further study.
Impact of current HIV plasma viral load detectability was examined by grouping all individuals with HIV (including those with HCV coinfection) by plasma viral load detectability. As above, permutation-based GLM analyses were run for each condition of interest (i.e., 0-back versus rest, 2-back versus rest, and 2-back>0-back); group main effects and contrasts of these two clinical groups were examined. Probability of gray matter was entered into the matrix as a voxelwise covariate. Familywise error rate of p<0.01 or lower were employed. As with covariate analyses, thresholds were subsequently relaxed to examine covariate trends.
Results
N-Back fMRI response by clinical group
The first analytical goal was to examine activation in all three clinical groups (i.e., HIV+, HIV-seronegative, and HIV/HCV coinfected) for each of the two task conditions (i.e., 0-back and 2-back) and the contrast of these two conditions (2-back> 0-back), which was calculated as an assessment of dynamic range of neural activation between an easier task and a more challenging task. Regions of significant neural activation by task condition, for each clinical group, are provided in Table 3. 0-Back task Activation for the 0-back task was observed for all groups in regions consistent with previous literature, including left motor cortex, left parietal regions, and bilateral supplementary motor area, frontal, occipital, and cerebellar regions (see Table 3 ).
2-back task For the 2-back task, activation was observed in similar regions as observed during the 0-back task for all clinical groups. HIV-seronegative participants additionally showed activation in right superior temporal and right parietal regions, while HIV+ participants showed additional activation of right insula and basal ganglia, and HIV/HCV-coinfected participants showed additional activation in left inferior temporal regions and bilateral basal ganglia (see Table 3 ).
2-Back>0-back When the 2-back and 0-back tasks were directly compared as an assessment of dynamic range of neural activation, all three clinical groups showed greater activity in bilateral parietal, frontal, and supplementary motor areas. HIV-seronegative participants also showed greater activation in bilateral cerebellum and inferior temporal regions. HIV+ individuals also showed greater bilateral cerebellar activation. Both HIV+ and HIV/HCV-coinfected individuals also showed greater bilateral precuneus and basal ganglia activation (see Table 3 ).
N-Back fMRI activation differences between clinical groups
The second analytical goal was to assess N-Back fMRI response differences when comparing clinical groups (i.e., HIV+, HIV-seronegative, and HIV/HCV coinfected). Significant between-group differences in neural activation, by task condition, are presented in Table 4 .
0-Back task
In a direct comparison, HIV+ and HIVseronegative participants did not show differences in 0-back activation. HIV/HCV-coinfected participants showed greater 0-back activation in bilateral cerebellar and occipital regions than HIV-seronegative participants (see Table 4 ).
2-Back task Direct comparisons of clinical groups again
showed no significant activation differences between HIV+ and HIV-seronegative individuals. HIV/HCV-coinfected participants showed greater activation compared to HIVseronegative participants in bilateral frontal regions, cerebellum, and basal ganglia, as well as left supplementary motor, and right postcentral and angular gyrus (see Table 4 and Fig. 1a) . HIV/HCV-coinfected participants showed significantly greater 2-back task activation compared to HIV+ participants in bilateral cerebellum and right frontal, precentral, precuneus, and occipital regions (see Table 4 and Fig. 1a ).
2-Back > 0-back In a direct contrast of HIV+ and HIVseronegative participants, HIV-seronegative individuals
showed greater dynamic range (i.e., greater 2-back compared to 0-back activation) in right inferior temporal regions, bilateral thalamus, and bilateral occipital and parietal cortices (see Table 4 and Fig. 1b ).
Additional clinical factors and neural activation
Time since HIV diagnosis In HIV+ participants, longer time since HIV diagnosis was associated with greater 0-back task activation relative to rest in the bilateral basal ganglia (see Table 5 ). A trend-level relationship was revealed for longer estimated HIV duration with broadly greater activation during both tasks, with regions of note including precuneus, angular gyrus, posterior cingulate, occipital, temporal, and frontal regions (see Table 5 ). Within HIV/HCV-coinfected participants, positive trends were observed between time since diagnosis and greater 2-back task activation in the left hippocampus and temporal regions. Positive trends were also observed for HIV/HCV-coinfected participants' time since diagnosis and activation in several regions for the 2-back>0-back condition.
CD4 nadir CD4 nadir in HIV+ individuals was associated with greater 2-back task activation relative to rest in the right inferior frontal cortex and bilateral cerebellum and occipital regions (Table 5) . Several trend-level relationships were observed, including negative trends relating CD4 nadir with 0-back activation relative to rest in the posterior cingulate in HIV+ individuals and negative trends relating CD4 nadir with bilateral basal ganglia and cerebellum response in HIV/HCVcoinfected individuals (Table 5) . All regions presented show significant activation for the indicated task condition (i.e., 0-back, 2-back, and 2-back>0-back), separately for each clinical group (i.e., HIV+, HIV-seronegative, and HIV/HCV coinfected). Exact significance levels are presented for each analysis; these reflect the exact criteria for each group and condition and are impacted by contrast type and sample size (i.e., group size). Coordinates represent peak activation voxel. Betweengroup differences are presented in Table 4 BG Current CD4 count For HIV+ participants, higher current CD4 count was associated with significantly greater 0-back relative to rest responses in the orbitofrontal cortex, greater 2-back relative to rest responses in the right pre-and post-central gyrus (see Table 5 ), and lower responses in the bilateral occipital cortex for the 2-back>0-back condition. HIV/HCVcoinfected participants showed a negative association of current CD4 with 0-back responses in the right occipital regions, and a positive association with 2-back responses in the right anterior cingulate (see Table 5 ). Trend-level negative associations were observed for CD4 count with 0-back task activation in the bilateral anterior cingulate and medial frontal gyrus for HIV+ participants. Additional trends included positive associations of CD4 count with 0-back task activation in the left middle and superior temporal gyri and bilateral anterior cingulate cortex (ACC′; 2-back task activation in right occipital, left inferior frontal, and bilateral basal ganglia; and 2-back>0-back task activation in left frontal regions for HIV/HCVcoinfected participants).
Detectable viral load Trends only were observed for viral load analyses. Specifically, HIV+ participants with detectable viral load showed a trend toward greater 0-back task activation relative to rest in the bilateral cerebellum, as well as broad and diffuse activation across the bilateral frontal cortex, precuneus, and posterior cingulate (see Table 6 ). Detectable viral load was also associated with trends toward greater 2-back activation relative to rest in the bilateral orbitofrontal and left basal ganglia and temporal cortex (see Table 6 ), and greater 2-back>0-back increases in a diffuse network including bilateral temporal, orbitofrontal and subgenual cingulate cortices. Those with undetectable viral load showed trends All regions presented show significant between-group comparisons for clinical groups (i.e., HIV+, HIV-seronegative, and HIV/HCV coinfected), by task condition (i.e., 0-back, 2-back, and 2-back>0-back). Exact significance levels are presented for each analysis; these are impacted by contrast type and sample size (i.e., group size). Coordinates represent peak activation voxel.
BG basal ganglia, SMA supplementary motor area a Familywise p=0.95, voxelwise p=0.001
toward greater 0-back task activation in the left superior parietal and post central regions; greater 2-back activation in the left superior parietal and lateral occipital cortex; and greater 2-back>0-back increases in a diffuse network including but not limited to the right ACC and superior frontal regions.
N-Back task performance
See Table 2 for full details of performance results.
0-Back Kruskall-Wallis tests showed no significant group differences in 0-back reaction time variability, bias (B′), or signal detection (A′). However, groups differed significantly in 0-back reaction time (χ 2 =6.932, p=0.031; Table 2 ), with HIV-seronegative participants having fastest reaction times.
2-Back
Kruskall-Wallis tests showed no significant group differences in 2-back reaction time variability or signal detection; however, groups differed significantly in terms of 2-back bias (χ 2 =7.532, p=0.023) and reaction time (χ 2 =8.764, p= 0.013; Table 2 ). Again, HIV-seronegative participants had fastest reaction times. HIV/HCV-coinfected individuals showed a strong positive bias (i.e., tendency to make a false positive error), while HIV-seronegative participants had a mild positive bias (i.e., tendency to make a false positive error), and HIV+ participants had a mild negative bias.
Discussion
The results of the present study extend previous findings that have demonstrated functional brain disturbances on tasks requiring working memory in people infected with HIV (Chang et al. 2001 (Chang et al. , 2004 Ernst et al. 2002 Ernst et al. , 2009 ). The current 2-back task requires working memory along with sustained and focused attention. In contrast, the 0-back task requires sustained attention and vigilance but does not have significant working memory demands. Here, HIV-seropositive participants showed less difference in the brain activation between the 2-back and 0-back tasks, compared to the seronegative participants. Specifically, people with HIV had greater activation on the simpler sustained attention task (0-back) but less activation on the working memory task (2-back). This finding is consistent with previous work that suggests HIV affects the brain by causing a reduction in dynamic range in response to cognitive challenge (Tomasi et al. 2006) . Reduced dynamic range is consistent with the hypothesis that even in the postcART era, HIV continues to affect brain functioning (Ernst et al. 2009; Clark and Cohen 2010) and, in particular, results in reduced cognitive reserve that requires HIV-seropositive individuals to expend more cognitive resources on simpler tasks. In the present study, a reduction in functional range was observed despite comparable task performance, with the exception of slower reaction time for those with HIV.
The present investigation also showed that several clinical factors impact neural activation in the context of HIV infection. In particular, hepatitis C (HCV), which has been linked to poorer cognitive outcomes in previous work by our lab (Devlin et al. 2012 ) emerged as an important clinical variable. Individuals with HIV and HCV coinfection showed a broad and diffuse pattern of greater neural activation than HIV negative participants on both the 0-back and 2-back working memory tasks. When compared to HIV+ participants, coinfected individuals again showed diffuse, greater neural activation during the working memory task. The pattern of this latter contrast, which reflects the specific effect of Fig. 1 Illustration of between-group differences in neural activation to task. a Greater 2-back versus rest activation in HIV+ individuals with HCV coinfection, as compared to HIV-seronegative participants (yellow) and HIV+ participants (green). Colors range from t=2 to t=5 for both contrasts. Axial slices begin at z=20. b Greater 2-back versus 0-back activation in HIV-seronegative versus HIV+ participants. Colors range from t=2 (red) to t=5 (yellow). Axial slices begin at z=25 (Color figure online) hepatitis C, was not entirely straightforward, and some caution must be used in interpretation due to the relatively smaller size of our HIV/HCV-positive sample. However, results suggest broadly increased activation, including within regions overlapping with the working memory network, which may suggest that comorbid HCV does not have a simple additive impact over HIV serostatus in reducing of cognitive reserve, as we had predicted. In addition, HIV/HCV-coinfected participants showed greater working memory-related activation in task-irrelevant regions, including some-like the angular gyrus-which are typically associated with self-directed rather than task-directed attention Gusnard et al. 2001) . Again, functional differences were observed despite comparable performance on the task, perhaps due to a behavioral response bias whereby the HIV/HCV-coinfected participants were more likely to make false positive errors. Such as response bias would be consistent with expectations for people with frontal lobe dysfunction affecting inhibitory control.
Other clinical factors tested, including detectability of HIV virus, time since HIV diagnosis, CD4 nadir, current CD4 count, and viral load detectability, also related to task activation. Results revealed that longer time since HIV diagnosis related to greater working memory activation in occipital cortex and the precuneus, a region involved in self-directed attention. In contrast, higher current CD4 count was associated with less activation in regions associated with self-directed thought and with greater activation in regions associated with error detection. Somewhat less clear positive associations emerged between CD4 nadir and cerebellar, occipital, and inferior frontal neural activation during the working memory task. In addition, trend-level results suggested a positive relationship of viral load detectability and time since HIV diagnosis with diffuse activation in a network of regions that included several important for self-directed attention: the precuneus, posterior cingulate, and frontal cortex. Greater CD4 nadir showed trend-level associations with lower activity in regions important for self-directed attention and greater activity in regions important for error detection and monitoring. Finally, analyses revealed a complex pattern of trendlevel associations of current CD4 count with frontal cortical activation. These clinical factor results, while preliminary, warrant follow-up in larger samples.
The present finding that effect differences between the HIV seropositive and seronegative groups were primarily observed as a function of the dynamic range of cortical activation with increasing task demand suggests that the effects of HIVon the brain in the post-cART era may not be revealed by examination of brain response during individual tasks (e.g., attention/ vigilance and working memory) in isolation or at a single level of difficulty. It also supports previous work showing that HIV+ individuals' neural dysregulation is not limited to more difficult tasks (Chang et al. 2001 (Chang et al. , 2004 Ernst et al. 2002 Ernst et al. , 2009 ), but that impairment-or need for additional cognitive reserve-is evident in basic functions, such as attention. As intact attention is necessary for successful engagement of more complex cognitive functions such as working memory and executive functioning, continued work on functional neural correlates of attention in HIV, using sensitive measures, is needed.
In contrast to the HIV effect, the present study revealed a more complex picture regarding the effects of specific HIVassociated clinical factors. HIV/HCV-coinfected individuals and those with current detectable viral load exhibited a more diffuse pattern of activation, including in the brain regions not normally associated with working memory. This suggests that coinfected participants and those with most active disease experienced more diffuse neural dysregulation, a finding consistent with reduced neural efficiency in the face of comorbid or severe disease. HIV/HCV-coinfected individuals and those with detectable HIV viral load also showed greater activity in some regions important for self-directed attention. Time since HIV diagnosis, lower CD4 nadir, and lower current CD4 count also related to increased activity in these regions. Areas such as the posterior cingulate and angular gyrus are traditionally associated with default network-a network hypothesized to be important for self-directed attention, which is typically not active during cognitive tasks. Coupled with findings of increased activation in error-monitoring regions in those with less severe CD4 nadir, the present results suggest a simultaneous failure of self-and other-directed attention in more severe disease. If future work replicates this finding in larger HIV/HCV comorbid samples and those with participants who have detectable viral load, it may suggest that part of the impact of comorbidity and acute disease on cognitive functions (Devlin et al. 2012 ) is via not only failure of taskrelevant attention networks and potentially compensatory activation in task-unrelated regions but also via dysregulation within self-directed attention networks that are traditionally functionally decoupled from active-task relevant networks (Fox et al. 2009 ).
Relative to previous work, the present study is unique in that it includes a large sample and examines several clinical variables in the context of HIV infection. The present study also adds to the literature in its control for gray matter probability at any given functional voxel; we can confidently say the present results are not solely a reflection of underlying disease-related structural neural changes. In addition, this study lends further support to previous work from our group and others that shows continued impact of HIV in the postcART era, including impact on cognition (Clark and Cohen 2010; Devlin et al. 2012 ) and brain structure and function (Letendre et al. 2009; Cohen et al. 2010b; Clark and Cohen 2010; Gongvatana et al. 2013) .
Limitations of the present study include a relatively small sample of HIV/HCV-coinfected individuals, the exploratory nature of some analyses with clinical factors, and loss of a number of participants due to poor performance and head motion during scanning. Future studies of larger samples of people with HCV and HIV/HCV coinfection are needed to confirm and expand our understanding of the impact of HCV on functional brain activation. More work is also required to ascertain relationship of HIV clinical factors with neural function, especially in light of the fact that several of these factors are derived from patient self-report (i.e., time of diagnosis) and may have inherent reporter error. Finally, in excluding participants who did not meet a standard performance threshold, we ensured that we are examining neural activation in participants who are attempting the task and showing some degree of ability to complete the task; however, there was variability in task success within the remaining sample. In future investigations, it may be more effective to employ parametric task manipulations, to equate performance across participants, and be able to define task difficulty on an individual subject basis. Nonetheless, findings from the current study provide evidence that brain function continues to be affected by HIV and comorbid factors and also suggest that fMRI could provide a useful biomarker for assessing these effects. Additional research is needed to test the value of these fMRI metrics for predicting functional outcome in people living with chronic HIV infection.
